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suMMARY

Pressure-distributiondatawereobtainedfora wing-bodycombination
atMachnunibersof l.~ and2.00andatReynoldsnumbersof 0.6,1.2,and
1.5Xl&to investigatetheeffectsofting-bodyinterference.Themodel
wasa single-wedge,rectangularwingmountedona cylindricalbodywith
an ogivalnose. Thebodyangleofattackrangedbetween+6°and-6°and
thewing-incidenceanglerangedfromO0 to -5.70. Theexperimental
pressure~istributionandspan-loadingresultsarecomparedwiththe
linear,wing-bodyinterferencetheoryofNACATN2677.

Forsmallvaluesofangleofattackandwing-incidenceangleitwas
foundthattheexperimentalpressure-distributionresultscomparedwell
withlineartheory,butforlargerangles,nonlineareffectsofangle
causedlargedifferencesfromlineartheory.Thenonline=effectsof
angleon thewingwerefairlywellpredtctedby shock-expansiontheory
forthewingincidencecase. In contrastwiththepressure-distribution
results,theliftloadingwasfoundtobe verynearlylinearlydependent
onangle.ReynoldsnumberandMachnumberwerefoundtohaveonlya small
effectonthedifferencebetweenexperimentandlineartheoryexceptnear
thewavetraversingthebodyfromthewing-bcdyjuncturewheretheeffects
ofbothof theseparameterswerelarge.

INTRODUCTION

Inrecentyearsmuchinteresthasbeenmanifestedinwing-body
interference.Someofthetheoriesthathavebeendevelopedforcomputing
theeffectsofwing-bodyinterferenceonpressuredistributionhavebeen
comparedby Phinney(ref.1)andIawrenceandFlax(ref.2). Ferrari
(ref.3) presentedaniterativemethdbasedonlineartheory. Morikawa
(ref.k) obtainedanapproximatesolutionby solvinga boundary-value
problem,andalsoobtaineda closedsolutionby approximatingthethree-
dimensionalmodelby a planarmodel.BoltonShaw(ref.5) obtaineda
solutionby satisfyingboundaryconditionsat a finitenumberofpoints
ratherthanovera surface.
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A methodof solvinga wideclassofwing-bodyinterferenceproblems
ispresentedinreferences6 and7 togetherwitha numericalapplication
to thespecialcaseofa flat,rectangularwingmountedat incidenceon
a cylindricalbodyat zeroangleofattack.tiemethoddeterminesan
interferencepotentialthatsatisfiestheboundaryconditionsonboththe
wingandthebodywhenthebodyis introducedintothefieldof thewing
alone.Thisinterferencepotentialisdeterminedas thesumofa number
ofFouriercomponents.Sinceno assumptionsaremadebeyondthoseof
lineartheory,theexactlinear-theorysolutioncouldbe obtainedfrom
thismethodby takinga sufficientnumberof terms.Thenumericalappli-
cationshowsthatexceptnearthewingleadingedge,theFourierseries
convergessorapidlythat,generally,onlyfourFouriercomponentsgive
a closeapproximationto theexactlinear-theorysolution.

Someexperimentalpressure-distributiondata,suchas thoseofrefer-
ences8, 9, 10,11,and12,areavailableforcomparisonwiththeory.
However,a complete,systematicsetofdatawhichcovertheeffectsof
angleof attack,wingincidence,Reynoldsnuniber,andMachnumberon the
pressuredistributiononboththewingaridbodyofa wing-bodycombination
isnotavailable.It istheprimarypurposeofthepresentreportto
presentsucha setofdataandtocomparethemwiththetheoryofrefer-
ences6 and7 todeterminetheaccuracyofthetheory.Anotherpurpose
isto comparethecalculatedresultsofthisreportwiththoseof other
theories.
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SYMBOIS

bodyradius,in.

aspectratioofwingformedby joiningexposedhalf-wings
together

chordof rectangularwing,in.

velocityamplitudefunctionofn’thFouriercomponent,in./sec

wing-incidenceangle,radiansexceptwhereotherwisedesignated

liftof combinationbacktowingtrailingedge,lb

free-streamMachnumber

numberofFouriercomponent

staticpressure,lb/sqin.

staticpressureat anyparticularorificeofwing-bodycombi-
nationwhen a = iw= O, lb/sqin.

.
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P- P~pressurecoefficient,
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interferencepressurecoefficientdueton’thFouriercomponent

dynsmicpressure,lb/sqin.

cylindricalcoordinates:
(Seefig.1.)

y=rcose, z=rsine

Reynoldsnumberbasedonting-chordlength

resLpart

semispanofwing-bodycombination,in.

free-streamvelocity,in./see

characteristicfunctions

Cartesiancoordinates:x, axislcoordinate;y, lateralcoor-
dinate;z,verticalcoordinate,in.
(Seefig.1.)

bodyangleof attack,radiansexceptwhereotherwisedesignated

wingangleofattack,deg

c1

dummyvariablesof integration

totalwing-aloneperturbationvelocitypotential

wing-aloneperturbationvelocitypotentialdueto theexposed
righthalfof thewing

wing-aloneperturbationvelocitypotentialduetotheexposed
lefthalfof thewing

wing-aloneperturbationvelocitypotentialduetotheportion
ofwinginsidetheregionoccupiedby body

Subscripts

integerrangingfrom1 to~

lowersurface
wall.ofwindtunnel
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u upperlimitof integration

NACATN 3128

u uppersurface

o free-streamconditions

EXPERIMENTALCONSIDERATIONS

ApparatusandProcedure

TheinvestigationwasmadeintheAmes1-by s-footsupersonicwind
tunnel.Thiswindtunnelwasequippedwitha flexible-platenozzlethat
couldbe adjustedtogivetest-sectionMachnumbersfrom1.2to2.2. The
pressuremeasurementsareobtainedasphotographicrecordingsofa
multiple-tubemanometerboardusingdibutylphthalateas thefluid.

Sincethisinvestigationrequireda comparisonof thedataforseveral
MachnumbersandReynoldsnumbersat thesamevaluesof a andiw,itwas
necessaryto set a andiw accuratelyforeachmeasurementwhileunder
tunneltestconditions.Thevaluesof iw wereaccuratelysetbymeans
ofangleblocksinthebody. Theangleofattackwassetby a special
imageprojectiondevice.A mirrorwasinsertedintheschlierensystem
sothatan imageofthemodelwascastupona screen.Withthewindoff,
themodelwassetat thedesiredvalueof a andtheinclinationofthe
modelimagewasmarkedonthescreen.Withthetunnelinoperationat
thedesiredpressure,theangleof attackof.themodelwasadjusteduntil
theinclinationofitsimagewasparalleltothecalibrationlinemadeon
thescreenwiththewindoff. To checkthismethod,a horizontaland
verticalwiregridwasplacedonthetunnelwindowandscmierenPictur&8.._.._
weretakenof themodelwhilethetunnelwasin operation.Thesepictures
showedthattheimageprojectiondeviceset__atowithin*0.07’”oftie,
desiredvalue.Itwasespeciallynecessaryto set a accuratelyforthe
smallanglestoavoidlargepercentageerrorsintheanglesetting.

Themodelangleofattackrangedfrom+6°to -6°in2° increments_
andthewing-incidenceanglerangedfromO0 to -5.7° in 1.9° increments.
ThetestwasperformedatthetwoMachnumbersl.~ and2.00andat the
Reynoldsnumbersof 0.6,1.2,and1.5million,basedon thewingchord.
Themodelwastestedforallcombinationsof thesevaluesofthefourpara-
metersinvestigated.

ModelandSupport

—

.

-.

Thesting-su~ortedmd.el,whichisdiagramedinfigure1,wasa
combinationconsistingofa cylindricalbodywithan ogivalnoseanda
rectangular,wedge-shapedwing. Thedimensionsof themodelaregivenin
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figure1. Thewingwasmade10percentthicktominimizeaeroelastic
effects.Itwasmountedinthebodyby meansofa setof angleblocks-, whichenabledtheflatwingsurfacecontainingtheorificestobe setat
00,-1.9°, -3.8°, and -5.7° angles of incidencewithrespectto thebody
centerline.Thepressureorificeswerealllocatedontheuppersurface
of themodel.The47orificesweredistributedalongsevenspanwisesta-
tionsinorderto givea comparisonwiththeoryforthewingandthebody.
Thelocationsof theorificesaregivenin table1.

ReductionandAccuracyofData

Reductionofdata.-Klldataarereducedto thecoefficientform
(P-P=)/qo● Actuallythequantity(p-~)/~ wasmeasuredandsubsequent
correctionswereappliedto changethereferencestaticpressureto p=
(P1 isthestaticpressureat theparticularorificein questionwhen
a = iw= 0°)andthereferencedynamicpressureto ~. Since p=
includestheeffectsofnosethicknessandstresmangle,using p= as a
referencepressureminimizestheseeffectsandessentiallygivesonlythe
pressuresduetotheanglesettingsofthemodel.Thedynamicpressure

. wasadjustedfrom ~ to ~ on thebasisof a previouspressuresurvey
of thetunnel.Thislaterad~ustmentwasnegligiblefor M = 1.48 and
amountedto lessthana s-percentcorrectionfor M=2.00. Forthepur-. poseof comparisonwiththeorythepressurecoefficient(p-pl)/~ is
reducedtotheparameters13Plaforiw= 0°andj3P/iwfora = OO.

Accuracyof data.-Therearetwotypesoferrorsthatenterinto
an experimentalinvestigation:systematicerrorsandrandomerrors.In
thispaperaccuracywillbe takenastheabilityof theexperimentto
givethetruevalueswithoutnoseeffector streamangleand,hence,is
a measureof thesystematicerrors.Precisionwillbe takenas theabil-
ityto repeatthedataand,hence,isa measureof therandomerrorsin
theexperiment.

Severalfactorscontributedrandomerrors.Themajorfactorwas
theerrorintheangle-of-attacksetting.Theuncertaintyineachangle
settingwas*0.07°,buteachmeasurementwasdependentupontwoangle
settings:thesettingfortheconditionrepresentedandthesettingto
determinethezerocorrection.Thisleadsto a netuncertaintyof O.1°
whichwouldaccountfora s-percenterrorforaaglesof*2°. Mostof
theremainderof theuncertaintyinthedataisdueto thefactthatthe
referencewallstaticpressureinthetunnelchangedslightlyfromrunto
runwhilethetotalpressureremainedconstant.Althoughthemagnitude
of thispressurechangewasquitesmall,itwaslargeenoughcomparedto

* thesmallpressuredifferencesforthe2° anglesettingsto causeasmuch
as a s-percenterror.Inadditionto thesefactors,betweenl-percent
and2-percentuncertaintywasobservedinreadingthedatafromthemano-

* meterboardpictures.
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Todetermineexperimentallytheprecisionof thedata,a largenumber
ofrepeatmeasurementsweretakenandcompared.Itwasfoundthatfor a
or iW= *2°,twoindependentdeterminationsof ~P/aor j3P/iWdiffered
fromeachotherby *7percentontheaverage.For a,or fw= *4°and a

+6°, theexperimentallydeterminedprecisionof ~P/aandj3P/iwori=-
Ii8k percentand*2 percent,respectively.Theprecisionin ~p/Ix

increaseswiththemagnitudeoftheanglebecausea largepartof theran-
domerrorisduetotheanglesetting.Theknownmajorexperimental
errorsaredueto streamangleandbodynoseeffects.Theeffectof
thesefactorswasnotdetermined,but,asdescribedinthereductionof
datasection,correctionswereappliedtominimizetheireffect,assuming
theeffectsdidnotvaryappreciablywithangle-of-attacksettings.This
assumptionshouldbe goodforthebody-thicknesseffect.However,it is
notnecessarilya goodassumptionforthestream-angleeffectsincethe
streamanglevariesslightlyatdifferentpositionsin thetunnelandthe
modelmovesapproximately6 inchesina verticaldirectionbetween
a= +6° and a = -6°. Sincethestream-anglecorrectionthatwasused
wasobtainedforthe a = 0° positioninthetunnel,dataobtainedat
CL=oo shouldhavenoappreciableerrordueto streamangle.Forother
valuesof a, someerrordueto streamangleispossible.1

Forthepurposesofthispaper,theimportantquestionis,“Howwell
doestheorypredicttheexperimentaldata?”Directcomparisonsbetween
lineartheoryandexperimentwillbe madeonlyfor a = f2°andiw=
data.

-1.90
In figure2, experimentalpressuredistributionsinthewing-body

junctureobtainedfromtwoindependentmeasurementswith iw= -1.9° and
a= 0° areshowntogetherwitha fairedcurveof theiraveragevalues.
Thek7-percentlimitofprecisionabouttheaveragevalueisrepresented
by thedottedlines.Thefigureshowsthatthetheoreticalvaluegenerally
liesbetweenthesedottedlinesandthereforethetheorypredictsthe
experimentalvalueswithintheprecisionofthedatain thisexample.

THEORETICALCONSIDERATIONS

Thetheoryofthisreportisa directapplicationofthegeneral
lineartheoryofreferences6 and7 totwospecialconditionsofa rec-
tangularwingandbodycombination.Themathematicalmodelconsistsof
a rectangular,flat-platewingmountedonan infinitelylongcircular-
cylinderbody. Theaspectratioofthewingislargeenoughsothatthe
Machlinesfromtheleadingedge“ofthewingtipsdonotintersectthe
wing-bodyJuncture.Thetwospecialconditionstreatedaretheangle.of-
attackcase(variableangleofattackwith ~ . 00)andthewingincidence
case(variablewing-incidenceanglewith a =.OO).A de~iledexsmple
calculationof thewing-incidencecaseisgiveninreference7, so it will
1A stream-angleandpressuresurveyofthewindtunnelindicatedthat
stream-anglevariationcausedthemagnitudeof theexperimentalvalues
of ~P/a tobe h percenthighontheaverage.

.

—

.

—
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notbe discussedindetailhere. Thecalculationsinvolvedintheangle-
of-attackcasewiIlbe outlinedinthefollowingsection.Thedifferences
fromlineartheorydueto finitevaluesof u andiw arepredictedby
shock-expansiontheory.

In theanalysisof references6 and7 andinthecalculationsfor
thisreportt e bodyradiusistakenasunity,and ~ istakenas2 so
that ~ =*1=1 . Anyformulacanbe generalizedto saybodyradius
by dividingalllengthsyoibolsby a andcanbe generalizedtoanyMach
numberby dividingallstreamwiselengthsby j3,by multiplyingallpres-
surecoefficientsby ~,andleavingallpotentialsandspanloadings
unaltered.

SummaryofMethodforAngle-of-AttackCase

As inall
citypotential

applicationsof thetheoryofreferences6
of thecombinationisconsideredtobe the

alonepotentialandan interferencepotential.Sincethe
tialcanbe determinedby existingmethods,theessential

and7, thevelo-
sumof thewing-
wing-alonepoten-
problemisto

determinetheinterferen~epotential.Thisisdoneby developinga poten-
tialthatcancelstheflow,dueto thetingalone,acrossthebodysurface
aswellas satisfyingthetwootherboundaryconditions,(1)thatitdoes
notdistorttheshapeofthewingand(2)thatitis zeroeheadofthewing
leadingedge.

me firstS*P in calculatingthepressurecoefficientsis to deter-
minethewing-alonepotential.Fromthis,thenormalvelocity,andhence
theboundaryconditiononthebodysurface,isobtained.Theexpression
forthenormalvelocityisexpandedina Fourierseriesof theform
n~of=(x) cosZ!newhere fzn(x)is calledthevelocityamplitudefunc-=
tion. Afterthevelocityamplitudefunctionsaredetermined,theinter-
ferencepressurecoefficientat anypointintheflowfieldcanbe
directlyfoundin seriesformwiththeaidoftheuniversalW~(x5r)
functionsdevelopedandtabulatedin references6 and7 for r = 1. By
addingtheinterferencepressurestothewing-alonepressures,thepres-
surecoefficientsforthewing-bodycombinationareobtained.The
detailsof thecalculationfortheangle-of-attackcasearepresentidin
AppendixesA, B, andC. It is shownthattheinterferencepressure
coefficientfor r = a is
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Wing-IncidenceCase

.
Thetheoreticalvaluesforthewing-incidencecaseusedinthisreport

aretakendirectlyfromreference7. Theonly exceptionisthepressure
distributiononthe 8 = Ye/4meridianonthebodywhichisnotpresented
inreference7. However,itwascalculatedinthesamemanneraswasused
forthetopmeridianof thebodysono furtherdiscussionisnecessary
here.

RESULTSANDDISCUSSION

A completesetofdataintheformof P fortheReynoldsnumbers
0.6, 1.2,&d 1.5x10eat M =
presentedintable11. These
ageaoftworeadings.

General

1.48 andfor R = 1.5Xl&it M= 2.00 iS
valuesof P are,for

PhysicalPrinciples

themostpart,aver-

.

Beforediscussingtheresultsoftheinvestigationindetail,it is
welltogivefirsta generalphysicaldescriptionoftheeffectstobe
expected.Figures3 and4 showqualitativelythepressuredistributions

.

tobe expectedona rectangularwingandbodycombinationfortheangle-of-
attackcaseandthewing-incidencecase,respectively.Thechordwise
variationsofthecoefficient,~P/aor j3P/iw,areshownforfivestations
by theshadedareas.2Thevariationinthepressurecoefficientis some-
whatexaggeratedforemphasis.ThesefiguresshowthatMachconesemanat-
ingfromthewing-bodyjuncturedeterminethepointsatwhichthevarious
effectsofwing-bodyinterferencearefelt. Onthecylindricalbodythe
pressurecoefficientis zeroinfrontoftheMachhelixori-ginatfngat the
leadingedgeofthewing-bodyjuncture.However,as shownby thetwosta-
tionsonthebody,thepressurerisesabruptlybehindthisMachhelix,
point1, inbothfigures.TheMachhelicesfromthetwowingpanelscross
the e = IT/2stationsimultaneouslysothatthereisonlyonelarge
increaseinthemagnitudeofthepressurecoefficient.TheseMachhelices
crossthe (3= 3~/4 S-htionat twodifferentpointssothatbeyondpoint1
thereisa secondaryincreaseinthepressurecoefficientsatpoint2.
TheseMachhelicescontinuetocurlaroundthebodyuntiltheystrikethe
wingpanelatpoints3, wherepartofthepressuredisturbancecontinues
alongthewingandpartof itisreflectedalonganotherMachhelixon the

2At yia= 3. infigure3 theshapeof thecurvebehindtheMachwavehas
beeninferredfromthewing-incidence-casecalculations.

Thepressuredistributionshownforthe 0 = 3fi/hstationonthe ‘
bodyi.sidenticalto thepressuredistributionforthe e = se/4 station
duetothesymmetryofthemodel. #
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bdy, causinga furtherincreaseinthe
ficientsatpoints4. Anotherpressure
trailingedgeof thewing-bodyJuncture

9

magnitudeof thepressurecoef-
disturbanceoriginatesat the
thatcausesthedecreaseinthe

magnitudeof thepressurecoefficientsnotedatpoints5 of thetwo
figures.

On thewingofthecombinationthepressurecoefficientisthesame
as thatfora wingaloneinfrontoftheMachwavefromthewing-body
juncture,exceptthatwhenthebodyisat an angleof attackthebod

zupwasheffectivelytwiststhewingina mannersuchthat ~ = a(l+a/&).
Figure3 showsthiseffectofbodyupwashalongtheleadingedgeofthe
wingwherethepressurecoefficientdecreasesas y/a increasesbecause
oftheeffectivetwistof thewing. Theimportanceofbodyupwashcanbe
seenby comparingthepressuredistributionalongtheleadingedgein
figure3 withthatin figure4. Thepressurecoefficientat thewing-body
juncturein figure3 is twicethatinfigure4 wherethereisnobody
upwash.Thepressurecoefficientat anygivenspanwisestationremains
nearlyconstantbetweenthewingleadingedgeandtheMachwavefromthe
wing-bodyjuncture.BehindtheMachwave,interferencefromthewing-body
juncturecausesthepressurecoefficienttodecreaseinmagnitudeas shown
inthetwofigures.

EffectsofAngleofAttack

Comparisonsbetweentheoryandexperimentfortheangle-of-attackcase
aremadein figure~ fordataat a Reynoldsnumberof 1.5xl@andMachnum-
bersof 1.1+8and2.00with iW= @and a = &o and*6°.

Pressuredistributionin junctureofwing-bodycombination.-A com-
parisonbetweenlineartheoryandexperimentforthepressuredistribution
in thewing-bodyjunctureismadeinfigures5(a)and5(b)forbothMach
numbers.ThesketchesshowthepertinentMachlinesandthespanwise
locationof theorifices.sTheexperimentaldatapointsfromthewing
surfaceonwhicha compressionoccurs(negativeangleof attack)are
representedby flaggedsymbols,andthedatapointsfromthesurfaceon
whichan expansionoccurs(positiveangleof attack)arerepresentedby
unflaggedsymbols.Thefiguresshowthatthetheorypredictsthemagni-
tudeof &/a about5 percentbelowtheaverageof the a = k2° experi-
mentalvaluesat M = l.# andabout15percentbelowexperimentalvalues
at M = 2.00. Thechordwisevariationiswellpredictedby thetheory.

Lineartheorypredictsthattheparameter~P/m is independentof
angleofattack.Actuallyit isnot,andthenonlineareffectsof angle
ofattackcausea spreadinthedata. Themagnitudeof thespreadtobe

‘Thelocationof theseMachlinesisonlyqualitativebecausethecalcu-“
lationsweremadeusingshock-expansiontheory,withtheassumptionthat
therewasno localWch numbervariationbehindtheleadingedgeof the

. wing. To simplifythesketches,theMachheliceson thebodyarerepre-
sentedas straight lines.
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expectedbetweena = -1-60anda = -6° wascalculatedat theleadingedge
of thewingby shock-expansiontheory.As in thecalculationoffirst-
ordereffects,thelocalangleofattackwasdeterminedusingEeskin
upwashtheory.For M = 1.48 bodyupwashcausedtheshockwavetobe
detachedfromthewingintheting-bodyjuncturesothatno calculation
of thespreadcouldbe madethere.For M = 2.00 itwasfoundthatnear
thewing-bodyjuncturethepredictedspreadwasabouttwicetheexperi-
mental.spread,whereasfor y/a greaterthanabout1.5 theexperimen~
spreadwasfairlywellpredicted.Thisdifferencebetweenshock-e~ansion
theoryandtheexperimentaldatainthewing-bodyjunctureisprobably
duetothecombinationof twothings.First,nearthewing-bodyjuncture
thebodyupwashismodifiedby viscouseffects.Second,thetheoretical
spreadwascalculatedat theleadingedgeof thewingandthisvaluewas
assumedtoa~plyrearwardtothefirstorifice.Thisassumptionisprob-
ablygoodbeyondy/a. 1.5 wherethechordwisechangesinpressureare
smallbacktothefirstorifice,but,inthejuncture,thechangesinthe
chordwisedirectionarelargenearthewingleadingedgesothatthis
assumptionisprobablyinvalid.

.

Anotherphenomenonnotpredictedby lineartheoryis shownby figure
5(a). ThelineartheorypredictsthattheMachhelixfromtheopposite
wingpanel(seesketch)shouldintersectthewing-bodyJunctureatpoint
1,causingan increaseinthemagnitudeof “~P/a,.Thiseffectisobserved

*.“

experimentallyfornegativevaluesof a butinfrontofpoint1 rather
thanexactlyatpoint1. Thereasonisthatfornegativevaluesof a ~-
a compressionoccursontheorificedsurfacereducingthelocalMachnum-
berfromthefree-streamMachnumber,thusincreasingtheMachangleand
causingtheMachhelixto shiftforward.Theresultisthespreadofthe
datashowminfigure5(a)nearpoint1. Thiseffectisnotshownby
figure5(b)becausethewingchordiseffectivelyshorterfor M = 2.00
sothattheorificesdonotextendtothe’Machhelixas.shownby the
sketch.

Figures5(a)and5(b)showthatMachnumberhasno effectuponthe
magnitudeofthehigher-orderspreadduetogngleofattackoruponthe
chordwisevariationof ~P/a,buton theaveragethemagnitudeof f3P/a
isabout10percenthigherfor M = 2.00 thanfor M . ~.48.

Pressuredistributionon topmeridianofbodyofwing-bodycombina-
tion.-A comparisonbetweenthelineartheoryandexperimentforthepres- —
suredistributionon thetopmeridianof the–bodyismadein figures5(c)
and5(d). Thesefiguresshowthattheoryandexperimentareingood
accordfor a =*2°,particularlyat M = 1.48.Ho#ever,nonlinear
effectsdueto a causea largespreadbetw~enthedatafor u = +6°and
a= -6°. Alltheeffectspredictedtooccuron thebodyinthesection
of thereport“GeneralPhysicalPrinciples”@reobservedexperimentally,
butnotexactlyat thepointspredictedbecauseofnonlineareffects.!l!he

.—.
pressurerisepredictedatpoint1 of figures5(c)and~(d)occurspre-
maturelyandis lessabruptthanexpectedforallanglesofattackbecause
of theboundarylayeronthebody. Thevariationin localMachnumber P“
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causestheMachhelicesto shiftforwardforthenegativeanglesofattack
as discussedinthesectiontreatingthewing-bodyjuncture.Theincrease. inthemagnitudeof pP/u expectedatpoint2, x/j3a= 3xJ2,actually
occursat about x/~a= 4 fora . -2°. Thedecreaseinmagnitudeof &/a
thatisexpectedatpoint3 actuallyoccursat about x/~a= 4.0for
a= -6°. ForthepositiveanglesofattacktheMachhelicesareshifted
rearwardsothattheseeffectsarenotobservedexperimentallyinthe
rangeof xj~a measured.

Figures7(c)and5(d)showthat,ingeneral,the M = 1.h8 dataare
predictedbetterby thetheorythanarethe M = 2.03 data. For M=2.00
thereisanunexpectedlylargepressurecoefficientinfrontofpoint1
fornegativeanglesof attack:For a = -2°andM = 2.00,&/a dips
slightlynearpoint1 andthenrisesandovershootsthe a = -6°data.
ThiBeffectisduetotheboundary-layerconditiononthebodyandwill
be discussedindetailinthesectiondealingwithReynoldsnumbereffect.

Pressuredistributionon e = 45° meridianofbody.-A comparison
betweenthelineartheoryandexperimentforthepressuredistribution
on the 0 = 45° meridianof thebodyismadein figures5(e)and5(f).
Essentiallythesameeffectsareshownon thismeridianas on thetop
meridian.

.
Justas forthetopmeridianof thebodytheexperimentis,ingen-

eral,better-predictedby thetheoryfor M = l.~ thanfor M =2.00,
. andthesameboundary-layereffectsareevidentnearpoint1 for M=2.CO.

Pressuredistributiononwingofwing-bodycombination.-Experimental
chordwisepressuredistributionson thewingareshowninfigures~(g)to
5(n)forthefourspanwiseorificestationsy/a= 1.25,1.g2,2.58,and
3*92= In frontof theMachconefromthewing-bodyjunctureno interfer-
enceis feltfromthewing-bodyjunctureso thatthetheoreticalpressure
distributionfora wingalonein thebodyupwashfieldisusedinthis
region(seeAppendixC). ThetheoreticalresultsbehindtheMachcone
fromthewing-bodyjuncture(theregionbeyondpoint2 in thefi~res)are
notavailablebecausethe W2n(x,r)functionsfor r > a havenotbeen
calculated.Figures5(g)to~(n)showthat,ingeneral,thewing-alone
theorypredictsmagnitudesof 13P/aabout~ percentbelowthemeasure-
mentsfor a = *2°forM = l.~ andabout12percentbelow~hemeasure-.
mentsfor M = 2.00. Thespreadin thedatabetweena = +6 anda = -6
isfairlywellpredictedby shock-expansiontheoryfor y/a greaterthan
about1.5 (figs.~(i)to5(n)).At y/a= 1.25 thepredictedspreadis
toolarge,justaswasthecaseforthewing-bodyjuncture.

Someof theinterferenceeffectsdiscussedin thesectionof the
reportentitled“GeneralPhysicalPrinciples~~areillustratedinfigures
5(g)to 5(~)● Theinterferenceeffectfromtheoppositewingpanelis

. observedin figure5(g)where,just.tifrontofpoint1, thesamespread
4q& possibilitythatthis,largepressurecoefficientwasduetob~Y
crossflowwasconsideredby includingthesecond-ordertermsin. Bernoulli’sequationinthecalculationof thebody-alonepressurecoef-
ficients,butthispredictedonlya smallpart of theobservedvalues.
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in thedataoccurEIas inthewing-bodyjuncture.Accordingto linear
theorythedisturbanceoriginatingat thenearerwing-bodyjunctureshould
be feltatpoint2 offigures~(i)to~(m),andthemagnitudeof PP/a .
shouldbegintodecreasefromthewing-alonevaluethere.Thesefigures
showthatthemagnitudeof ~P/a doesdecreasein theneighborhoodof
point2. Theyalsoshowthat,ingeneral,the a = +6° andthe a = -6°
dataconvergeintheneighborhoodofpoint2. Thisconvergenceisdueto
a variationinthelocalMachnumberwith a. Thisis shownby thesketch
infigure~(~)wherethedisturbancefromthewing-bodyjunctureis first
feltatpoint3 for a = -6°,whereasit isfirstfeltatpoint4 for

+6°. Sincethemagnitudeof ~P/a beginstodecreaseas soonas this
—

a=
disturbanceisfelt,themagnitudeof ~P/a beginsto decreaseata
smallervalueof x/~a for a = -6° thanfor u = +6°,thuscausingthe
convergenceobserved.Thesketchesinfigures~(k)and5(m~showthatthe
disturbancefromthewingtipshouldalsocausethe a = +6 anda = -6°
datato convergebeyondpoint6 inthesefigures.Thefiguresshowthat
thedatanotonlyconvergebitactuallycrossoverandreverseorderjust
beyondpoint6.

TheonlysignificanteffectofMachnumbershownby figures5(g)to
5(n)istheapproximately10-percent-largervaluesof lllP/aforM= 2.00
thanfor M = 1.48. Nearly40percentof thisdifferencemaybe dueto
differencesin streamanglein thewindtunnelforthetwoMachnumbers.

.

Spanloadingdistribution.-Span”loadingisdefinedforboththebody’ -
andthewingas theintegral

Theexperimentalresultsforthespanloadingdistributionon thewingand
bodyof thecombinationarepresentedinfigure6 anda comparisonismade
withtheoryon thebody. As hasbeenmentioned,thetheoreticalresults
onthewingintheInterferenceregionbetweenthebodyandpoint1 were
notavailableforthe a caseat thetimethispaperwaswritten.The
theoreticalpressure-distributioncurvesshownbeyondpoint1 arethose
ofa tingalonewithnobodyupwashpresentsinceoutbpardof thispoint
itseffectis small.Thedecreasein spanloadingbeyondpoint2 dueto
wing-tipinterferenceis calculatedby Busen@nntheory,reference13.
Figure6 showsthattheory,ontheaverage,predictstheexperimentalspan
loadingon thebodywithin10percent.Ofparticularinterestisthefact
that,ingeneral,thehigher-orderdifferencesdueto a thatwereS0
largeforthepressure-distributionresultsarenegligibleforthespan
loadingdistribution.Theonlyexceptionison thetopof thebody, .
y/a=O,atM= 2.00 wheretheeffectsofboundary-layerandshock-wave
interactionarelarge,Theexplanationfortheindependencefrom a is .
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thatthehigher-ordereffectson thetopsurfacearecompensatedforby
higher-ordereffectsof thesamemagnitudeon thelowersurfacesothat. thenetloadingperunitangleisverynearly.independentofangleof
attack.

Thetheoreticalspanloadingdistributionshowninfigure6(b)can
be appliedtowingsofhigheraspectratioby simplytranslatingthetip
solutionshownbeyondpoint2 tothetipofthewing. Thespanloading
willhavethetwo-dimensionalvalueofa wingalonebetweenpoints1
and2. Whentheinterferencefromthebodyandwingtipoverlapsas in
figure6(a),theeffectsofthesetwofactorsmustfirstbe separated
beforetranslatingthetipsolution.

EffectofWing-IncidenceAngle

Comparisonismadebetweentheoryandexperimentforthewing-
incidencecasefordatatakenata Reynoldsnuniberof 1.5)CL06andMach
numbersof 1.k8and2.~ witha = 0°andiw= -1.9°and-5.7°.Itwill
be rememberedfromthesectionon theaccuracyofdatathatthereisno
appreciableerrordueto stre~angleforthewing-incidencecase.

.
Pressuredistributioninwing-body~unctures.- Thelihmartheoryand

experimentalpressuredistributionsinthewing-bodyjuncturearecompared
infigures7(a)and7(b). Thesymbolsinthefiguresareflaggedtobe
consistentwiththeuseof flaggedsymbolsfornegativeangle-of-attack
data. Thefiguresshowthattheexperimentalvaluesareabout~ percent
belowthosepredictedby thetheoryfor iw= -1.9°. Themagnitudeof the
nonlineareffectsdueto iw ispredictedat theleadingedgeby shock-
expansiontheory.Figures7(a)and7(b)showthatthespreadpredicted
inthismanneris ingoodaccordwiththeexperimental‘results.Thepre-
matureincreaseinthemagnitudeof ~P/~ nearpoint1 isdueto the
effectoftheoppositewingpanelandvariationofthelocalMachnumber
asdiscussedintheangle-of-attacksection.No significanteffectof
Yfchnumberwasfoundon thepartieter13P/iw.

Pressuredistributionon topmeridianofbodyofwing-bodycombina-
tion.-A comparisonbetweenthelineartheoryandexperimentforthepres-
suredistributionon thetopmeridianof thebodyismadeinfigures7(c)
and7(d). Thesefiguresshowthattheoryandexperimentarein goodaccord
foriw= -1.9°.However,nonlineareffectsdueto iv causemuchlarger
differencesbetweentheoryandexperimentfor iw = -5.7°.Thisis consis-
tentwiththeangle-of-attackcasewherethehigher-ordereffectdueto a
waslargefornegativeanglesof attack.

r Allof theeffectsobservedfortheangle-of-attackcaseduetodis-
turbancesfromthewingarealsoshownto occurforthewing-incidencecase
in figures7(c)and7(d). Thepathsof thesedisturbancesaspredictedby

. lineartheoryareshownon thesketchamdthepositionsat whichthe
effectsareexpectedto occurareshownontheabscissa.
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TheonlysignificanteffectofMachnumberapparentinfigures7(c)
.

and7(d)isthelargerboundary-layerandshock-waveinteractlanfor
M = 2.00 thanfor M = l.~ nearpoint1. we M = 2.00 experimental

.1.9°dipandthenovershootat thispoint.Thisphenom-
.

datafor iv=
enonisdiscussedinmoredetailinthesectionofthereportonRe@ol&s ““
numbereffect.

Pressuredistributionon 9 = 45°meridianofbodyofwing-bodycombl-
nation.-Lineartheoryiscomparedwithexpe~imental:re~ultsforthepres-
suredistributiononthe e = 45°meridianofthebody”of--the”combin&ti6n–
infigures7(e)and7(f).Theeffectsshownby thefigureareconsistent
withthoseshownfortheangle-of=attackcaseandforthewing-incidence
caseonthetopmeridianofthebody. Noun”usualeffectsareobsened.”

Pressuredistributiononwingofwing-bodycombination.-A comparison
betweenlineartheoryandexperimentforthe_pressuredistributionalong
severalspanwisestationsismadeinfigures7(g)to7(n). Thetheoreti- ~~
calvaluesbehindtheMachwavewereobtaineddirectlyfromreference7.
Thesevalueswerecalculatedby essentiallythesamemethodusedinthe
presentreport,butwithouttheaidofthe W=n(x,r)functions.The
experimentaldata(figs.7(k)and7(Z))showthat,ingeneral,~P/iwfor
the iw= -1.9°dataisconstantandnearly=qualto”-2infrontof the-”
Machcone.BehindtheMachconethetheorygenerallypredictsvalues

.

about5 percentabovetheexperimentaldataFor iw= -1.9°.Thehigher-
ordereffectsdueto iv causelargerdifferencesbetweenlineartheory
andexperimentfor -5.70.

.
iw= Thefiguresshowthatthesedifferences

arewellpredictedby shock-expansiontheory.Theeffectsdueto the
influenceoftheMachwavesarethesameas thosediscussedfortheangle-
of-attackcase.Thereisno effectofMachnumberevidentonthewingof
thewing-bodycombinationotherthanthatpredictedby lineartheory.

Spanloadingdistribution.-A comparison.betweenthetheoreticaland
experimentalresultsforspanloadingdistributiononthewingandbody
ofthecombinationismadeinfigure8 for iw= -1.9°. Thedecreasein
thespanloadingduetothewingtipwascalculatedby themethodof
Busemann(ref.13). Inpart(a)of figure8, interferencefromboththe
bodyandthewingtipisfeltbetweenpoints..land2,butinpart(b)no
interferenceisfeltbetweenpoints1 and2, andthespanloadingisthat “
ofa two-dimensionalwingalone.

Figure8 showsthat,ingeneral,theexperimentis5 percentlower
thanthelinear-theoryprediction.Sinceallpressuremeasurementsfor
thewing-incidencecaseweremadefornegativevaluesof iw,theexperi-
mentalvaluesusedinthisfigurewereobtainedby doublingthevalues
of BP/iwobtainedfor iw= -1.9° ratherthanby consideringtwosur-
facesas fortheangle-of-attackcase. Sincethisincreasesthenonlinear
effectsof i~ ratherthanminimizingthem,onlythe iw = -1.9°data
(forwhichthenonlineareffectsaresmall)wereplotted.However,the “
methodofreferences6 and7 isapplicabletothepredictionofthenet +

.
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spanloadingforlargervaluesof iw becausethenonlineareffectson
theupperandlowersurfacestendto canceleachother,as shownforthe
angle-of-attackcase.

EffectofReynoldsNumber

TheprimaryeffectofReynoldsnumberinthisinvestigationwason
thebody. Reynoldsnumberwasfoundtohaveno significanteffecton the
pressuredistributionon thewingof thecombinationfortherangeinves-
tigated.Figure9 showstheboundary-layercondition,as observedin
schlierenpictures,ontopof thebodyat thepointof intersectionwith

●

theMachwavefromtheleadingedgeof thewing-bodyjuncturefor R = 0.6
and1.5x10s.Thetransitionandseparationregionsshowninfigure9
indicateapproximatelytherangesof m andiw inwhichtheboundary
layerchangesfromlaminarto turbulentor separatedflowat theMachwave
fromthewing-bodyjuncture.In kminarandturbulentregionstheflow
remainslaminaror turbulentacrosstheMachwave. SomeoftheReynolds
numbereffectshownby figure9 maybe duetochangesintheturbulence
levelof thewindtunnel.

Itis tobe expectedthatdataobtainedforseveralanglecombina-
tionswithinanyoneof theregionsshownin figure9 wouldshowno sig-
nificantdifferencesdueto viscous effects,butthatthesedatawould
differfromdatainotherregions.Forexsmple~for M = l.~ and
R= 0.6x106thedatafor a = -2°withiw= 0° shoulddifferfromthe
datafor a = -6°withiw = 0° becausetransitionoccursat theshock
waveforthelattercasebutnotfortheformer.Thatthereisa dif-
ferenceis showninfigure10wherethepressuredistributionson topof
thebcdyforthesetwoconditionsarecompared.In frontof theshock
wavetheflowis laminarforbothanglesofattackso thatthereisno
differenceinthetwosetsofdata. However,for a =“-6° transition
occursat theshockwaveandthepressurerisesaspredicted,whilefor
a= -2° laminarflowpersistsbehindthepointatwhichtheshockis ,
expectedandthepressureriseoccursmuchlaterthanpredicted.In fact,
thepressurerisedoesnotoccuruntilthetransitionpointshownin the
figureisreachedandthenit tendsto overshoot.Thisphenomenonofthe
delayedpressurerisewasobse~edtooccurwheneverIaminarflowper-
sistedbeyondthepointatwhicha shockwavefromthewingwaspredicted
to exist.Whenthedisturbancefromthewingisan expansionwave,the
pressure-coefficientcurves riseapproximatelyaspredicted,regardless
ofthetypeofboundarylayer.Theconditionsforwhichthisdelayed
pressurerisewasobservedto occurareshownby thedottedareasin
figure9. Twootherexamplesof thisphenomenonmaybe seennearpoints
1 of figures5(d)and7(d)for a = -20,iw= @ and a = OOyiw= -2°)

. respectively.

.
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Infigure11,thepressuredistributionson topof thebodyarecom-
paredforthreeReynoldsnumbers.It is shownthatdataforthetwohigh-
estReynoldsnumbers,R = 1.2and1.5x106,agreealmostidentically,while 1
thedataforthelowestReynoldsnumberdifferconsiderably.

ComparisonWithTheoryFromOtherSources

Thethreetheoriesforwhichnumericalresultsareavailablearecom-
paredinfigure12. ThetheoryduetoFerrariwasobtainedby cross-
plottingfroma figureinreference8 sothatthecurveshownisonly
approximate.ThetheoreticalcurveduetoMorikawaisobtainedfromtabu-
latedresultsgiveninreference4. Theexperimentaldataregionwas
determinedby theextremevaluesobtainedfor a = *2° forMachnumbers
1.48and2.oo. l!%omthisfigureitappearsthateitherthetheoryof
MorikawaorthetheoryofNielsenmaybe usedtopredictthepressuredis-
tributiononthewingofa wing-bodycombination.Ferrari’stheorypre-
dictsvaluesthataresomewhatlowat theleadingedgeof thewing,but
itappearsthatifnumericalresultswereavailablebeyondx/j3a=0.7,
theywouldliewithintheexperimentalrange.Fora morecompletecom-
parisonofthetheoriesofFerrariandNielsen,seereferences1 ~d 2.
ExceptforNielsen’stheory,no numericalresultsforthepressuredistri- -
butiononthebodywereavailableforcomparison.

.

CONCLUSIONS

An experimentalinvestigationwasmadeoftheeffectsofangleof
attack,a,wing-incidenceangle>iw~mch n~ber~andRe~oldsn~ber on
thepressuredistributionona rectangular-wingandcylindrical-bodycom-
bination.TheMachnumberswere1.48ando2.00;theRg~oldsnumberswere
0.6,1.2,and1.5x106;a rangedfrom +6 to-6°in2 incrementsand iw
rangedfrom 0°to -5.7°in 1.9° increments.Onthebasisof comparisons
madebetweentheresultsofthisinvestigationandthetheoryofNACA
TN2677,thefollwingconclusionscanbe drawn:

1. ThetheoryofNACATN2677,ingeneral,predictsthepressure
coefficientswithint10percentforvaluesof a andiw between+2°ad
-2°● Forthewing-incidencecase,a = 0°,thetheorypredictsmagnitudes
ofpressurecoefficientabovetheexperimentalvalues.Fortheangle-of-
attackcase~iw= 0°,thetheorypredictsmagnitudesofpressurecoeffi-
cientbelowtheexperimentalvalues.

2. Nonlineareffectsduetoangleofattackandwing-incidenceangle
arelarge.Onthewingthedifferencefromlineartheoryduetononlinear
effectsofanglecanbe predicted.byshock-expansiontheory,exceptnear

.

thewing-bodyjuncturefortheangle-of-attackcase.
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3. Spanloadingwasshowntobe predictedwithin*1Opercentfor
thewing-incidencecaseforallmeasuredvaluesof iw onboththebody
andthewing. Wherecomparisonwaspossible,spanloadingintheangle-of-
attackcasewasalsofoundtobe predictedwithin*1Opercent.Thepre-
dictedspanloadingsarehighforthewing-incidencecaseandlowforthe
angle-of-attackcase.

4. Fortheangle-of-attackcase,thepressurecoefficientsonthe
wingareexperimentallyabout5 percenthigherfor M = 2.00 thanfor
M= 1.k8,whenreducedtoa formthatistheoreticallyindependentof
Machnumber.OtherwiseMachnumberhasno importanteffect.

5* ViscouseffectsareImportantonlyon thebdy wheretheshock
wavefromthewingcauseslargeboundary-layerandshock-waveinteractions
forsomeangleconditions.

AmesAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

MoffettField,Calif.,Jan.4, 1954
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DETERMINATION

APPENDIXA

OFWING-ALONEPOTENTIALFORANGLE-OF-ATTACK

Thefirststepindeterminingthepotentialforthewing

.

CASE r

aloneisto —..
setup a mathematicalmodel.Sincetheexposedwingof thecombination
operatesin thebodyupwashfieldwhicheffectivelytwiststhewing,the

-.

wing-alonemodel5 isconsideredtobe twistedinthemannerpredictedby
Beskinwpw’ashtheoryfor y 2 a

(Al)
. .

Theconcealedwingmaybe extendedthroughthebodyregioninanymanner
but,sinceequation(Al)gives ~ = 2a atbothwing-body~unctures,it
is takenasa flatplateatangleof attack2a (seefig.13).

Thetwistingofthewingisaccomplished_bysuperimposinga seriesof
flat-platewingsupona basicflat-platewingat ~ = 2a (seefig.14).
Eachofthesuperimposedwingsisatan incrementalangleofattackand

.

eachsuccessivewingterminatesatan incrementalvalueof y greaterthan
thepreviousone. As theseincrements:valuesof a andy becomeinfini-
tesimallysmall,theresultingpotentialapproachesthatofa wingwith

.

thetwistdefinedbyequation(Al).

Forthepurposesofdeterminingthewing-alonepotential,thewingis
consideredtobe composedofthethreepartsshowninfigure13: theright ‘“
exposedhalf-wing,theleftexposedhalf-wing,andthewingsectioninside
thebody. Theperturbationvelocitypotentialisdeterminedforeachof
thesewingsectionsandtheresultsaddedtogethertoobtainthepotential
fortheentirewingalone.Thus,

(A2)

Sincethewingmaybe consideredtobe composedofan infinitenumberof
flet,rectangularwings,

(
ti%9Y)=‘~ - x CoS-’

theexpression

&&
- y cosh-l

—

+
+ z Cos-1

(A3)
.

%oth a andP aretakenasunity.SeeTheoreticalConsiderationssection
of textformethodofgeneralizationto othervaluesof theseparameters. v
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fromreference14 forthevelocitypotentialofa flat,rectangularwing
willbe usedas thebasicrelationforthecalculations.Equation(A3). givesthevelocitypotentialatanypoint(x,y,z)duetoa flat,rectangu-
larwingat angleofattackaW terminatingat y = 0,andextendingto
= alongthepositivey axis.

Sincethetwistedwingwasshowntobe equivalenttoa basicflat-
platewingat angleofattack2a plusan infinitenumberofmodifying
flat-platewings,thepotentialof therighthalf-wingmaybe writtenas

%R,= 9(2~,y-l)+~i9(%>Y-~i) (A4)

Thefirsttermon therightinequation(A4)is thepotentialduetothe
basicexposedhalf-wingwhichterminatesat thewing-bodyjuncture,y = 1,
andisat angleof attack2a. Thesecondtermis thepotentialof the i
modifyingwingseachat angleof attack4 andterminatingat y = qi
Were l<qi~a. Sinceequation(A3)is homogeneouswithrespectto a,
equation(A4)maybe written

9WR=
-

Fromequation(Al)

.

Therefore,

wherethelimits
tingincludedin

(A6)

of integrationaredeterminedby therangeof y on the
theforeMachconeoriginatingfromthepointforwhich

~R isbeingdetermined.Fromfigure15 it isapparentfromtheequa-
tionof theforeMachconeemanatingfromthearbitrarypoint PI for
~ = 1 that

2
X12 = 212 + (qu-yl)

Therefore,theupperlimitof integrationis

W =

Thelowerlimitof integration
equations(lQ),(A7),and(A8)

y= + 4X12- Z12 (A8)

isat thewing-bodyjuncture,y = 1. From

.
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(y-q) cosh-l
*+ z CoS-’d(y-$:;’;n]$}

(Ag)
Carryingouttheintegrationandcombiningtermsgives

{[
~R=R.P. $ -X COS-l~ +(+-y) cosh-’

J (Y-k+z= -

(z ,-2) COS-l.~=: ] ]
(Ale)

.

Equation(AIO)givesthepotentialdueto theexposedrighthalf-wing.To
thismusthe addedthepotentialsduetotheothertwowingsections.The
potentialduet~thesectionofthewinginthebodyregionis simplythe
differencebetweenthepotentialsoftwoflatwingsat ~ = 2a. Oneof
thesewingsterminatesatthewing-body~unctureat y = -1,figure13,
andextends(throughthebody)indefinitelyinthepositivedirect3.on.
Theotherwingterminatesat theotherwing-bodyjuncture,y = +1,and
also extendsindefinitelyinthepositivey direction.Thedifference
betweenthepotentialso>theset;owingsisthe
sectioninthebody

9WB = ~(payy+l)- 9(2a,y-1)

Theexpressionfor Q(%,y)isgivenbyequation
is symmetricalabouttheverticaly = O plane,
otherhalf-wingis simplyobtainedby replacing
(Ale) .

potentialofthewing

(All)

(A3). Sincethemodel
thepotentialforthe
y by -y inequation

(A12)
.

Combiningeqmtions
entirewingalone.

(AIO),(All),and(AM?)givesthepotentialdueto the

.
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.

* [( -)
~ = R.P.~ X COS-l ~> + COS-’ ~&. +

21

( )*+Y.2 co,~-l (&- + )+y@cosh-l x

J(y+lpz= +

+ cos-~ X(y+l) )
J(Y+l)=+Z= JPP +

(A13)

Investigationof qlwas givenby equation(A13)revealsthatthere.
arethreeregionson thebodyinwhichtherealpartof thisexpression
differs.A fourthregion,regionIV,isentirelyon thewingandis,

. therefore,notnecessaryfordeterminingthenormalvelocitydistribution
onthebody. Theseregionsaredeterminedby threecharacteristicMach
cones.Oneof theMachconesoriginateson thebodyaxisat x = 0,and
theothertwooriginateat theleadingedgesof thetwowing-bodyjunc-
tures(seefig.16). Theexpressionsfortherealpartof ~ inthe
threeregionsonthebodyare:

RegionI:

+

( ) -1p:z=+‘+2 CoshJ- ‘(’-7=4(c@J(y_;,::~j
X(y+l) )COS-l~- JJ + (#+#) ‘j” (cosh-lX=-z=-y(y-l)-m

4Jii=E= )-2(2-X’”]
-~X=-z=-y(y+l)

cosh (JU4)
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Region11:

NACATN3=8

~w=-$[-xCOB-3.424. -( )~ + y-2 cosh-l
m *-

( ) X(y-1)— -3=:9z cOs-lJGiFaE= +

Region111:

vu
[

-(y-1)
(

‘T~=- y -Xcos-=— - —
)- ~~’’+ y-2”cosh-’J’-

( ) x(y-1)—-~:zzz Cos-1JimW=+
co~-=x%2-Y(Y-1)-Z(z.x)fi

(y=+=)w’- m 1

r .-

(A15)

.

(A16)

.
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DE’I!ERMINA~ON

APPENDIXB

OFVELOCITYAMPLITUDEFUNC~ONS

Themethodof references6 and7 requiresa Fourierseriesexpansion
of theexpressionforthenormalvelocityon thebodysurface.Thecoef-
ficients,fzn(x))ofthecosinetermsinthisseriesarecalledthe
velocityamplitudefumctions.Theinterferencepressurecpeffi.cientsare
founddirectlyfromthesefunctions,aswillbe showninAppendixC.

Thevelocitynormalto thebodysurfacedueto thewingaloneis
easilyfoundfromthewing-alonevelocitypotentialby differentiation.
Theamplitudesof theFourierseriesexpansionofthenormalvelocity
expressionareobtainedby theusualequationj

fo(x) =$l”in-=?w
fp.n(X)

= gin-l%%-’
The fzn(x)functionswereobtainedinclosedformforthewing-incidence
case,buttheangle-of-attackcaserequiredtheevaluationofuntabulated
ellipticintegralssothatnumericalmethodshadtobe usedtoobtain
f2n(x)● The;esultingfzn(x)functions

fz~(x)figureshowsthatthecurvesof —
vu

betweenx =,C)andx . 1 butfor x>l,
isnearlyconstant.

are shownin figure17. This

againstx oscillaten times
f2n(X)
— ceases to oscillate and
Va
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APPENDIXC

PRESSURECOEFFICIEITiSOFTEEWING-BODYCOMBINATION

FORTHEANGLE-OF-ATTACKCASE

DeterminationofInterferencePressureCoefficients

Theinterferencepressurecoefficientsareobtaineddirectlyfrom
thevelocityamplitudefunctions,f2n(x),usingtheuniversalfunctions
Wzn(x,r),developedinreferences6 and7. Inreferences6 and7 it is
shownthattheinterferencepressurecoefficientsfor r = 1 foreachof
the fzn(x)functionsare

P2rl
‘$cos 2n’[f2Jx) fxf2n(’’w2n(x-’J1)]’]

(cl)

Theintegrationoperationrequiresgraphicalornumericalmethods.The
totalinterferencepressurecoefficientisthesumofthe n components,
Pan. To gettheexactlinear-theorysolutionitwouldhe necessaryto
computean infinitenwiberofterms,butinmostcasesusingonlyfour
termsgivesa closeapproximationto lineartheory,as showninreference

.

7 andverifiedbyfigures18,19, and20. A relationstiilarto thatof
equation(Cl)givesvaluesof P2nforr differentfrom1. .

PressureDistributioninJunctureofWing-BodyCombination

Thepressuredistributionof thecombinationis obtainedby adding
theinterferencepressurecoefficientsto thepressurecoefficientsof
thewingalong.Theresults,usingfourandsix Pm components,are
showninfigure18. This figureshowsthatfourcomponentsgivea close
approximationtothelinear-theoryvaluefor Xjpa> 1. At x/@ = 0,
thewingleadingedge,lineartheoryusingBeskinupwashgivesexactly
pP/a= -4.0.Fortheregionxipa< 1 thehigherharmonicshavetheir
greatestimportanceandmanycomponentswouldbe necessaryto getgood
accuracy.However,satisfactoryaccuracycanbe obtainedbyfairinga
curvethroughthisregionsincebothendpointsareknown.

Onepointof interestinfigure18 istheincreaseinthemagnitude
of BP/u nearpoint1. Thisisduetotheinfluenceoftheoppositehalf-
wingreachingthewing-bdyjunctureat thispointas showninthesketch.

PressureDistributionon theBody

Thepressuredistributiononthe

of theWing-BodyCombination

bodyis
theinterferencepressurecoefficientsto-the

alsoobtainedby adding
pressurecoefficientsdue

.
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to thewingalone.
of G differsfrom

Theinterferencepressuredistributionforanyvalue
thatinthewing-bodyjuncture,Q = O, onlybythe

. cos2n@ factorinequation(Cl).Forexanple,inthej&cture,cos2@
isalways+1,ontopof thebody,e = Ye/2,Cos$2@ alternatesbetween
+1and-1as n increases,“andon the e = se/4meridiancos2n8 has
valuesof0, +1,and-1sothatwhen n is odd,P2n= O. Thepressure
distributionson thetopmeridianofthebodyandon the e = 45°merid-
ianofthebodyareshowninfigures19and20,respectively.

Severalinterestingeffectsareexhibitedby figures19and20. The
stepinthewing-alonepressureat x/@ = 1 infigure19 is effectively
canceledby theinterferencepressurefrom x/$a= 1 tox,/~a= fi/2and
for x/~a> fi/2thepressureincreasesrapidly.Theeffectof theinter-
ferencepressureincancelingtheeffectof thewingaloneon thetopof
thebodyfrom x/@ = 1 tox/~a= Ye/2istobe expectedsincethewing
ofthecombinationcanhaveno effecton thebodyin frontof theMach
helix(point1 of sketch)originatingat theleadingedgeofthewing-body
juncture.Ifan infinitenumberof componentshadbeencomputed,thecom-
binationpressurecoefficientswouldbe identicallyzerofrom x/~a= O
tox/@ =Y(/2.Thessmeeffectsareexhibitedby figure20 exceptthat
thewing-alonestepoccursat x/~a= @/2 andthe~ch he~x intersects
themeridianat x/@ = ti/4jpoint1. TheMachhelixfromtheopposite. wQ3 Panelintersectsthemeridianatpoint2 causingan additionalpres-
surerise. Sincetheregioninwhich ~P/a= O isknownandsincethe
exactlineartheoryiswell.approximatedby fourcomponentsforlarge.
valuesof x/j3a,theoreticalcurvesof goodaccuracycanbe fairedfrom
figures19 and20. Theareaunderthehighpeaksinthecurvesnear
x/~a= n/4 wouldbecomeinfinitesimalifan infinitenumberof inter-
ferencepressurecomponentsweretaken.

PressureDistributionsfortheWingofWing-BodyCombinations

InregionIV offigure16,thecalculationofpressurecoefficients
is justa wing-aloneproblem.Thepressurecoefficientsinthisregion
canthereforebe obtaineddirectlyfromthewing-alonepotentialas given
by equation(AIO).Theresultis

P=
[

-2a 1+
(&&s/2 1

(C2)

IntheregionbehindtheMachcone the pressurecoefficientscanbe
obtaineddirectlyfromthe W&(x,r)functions,aswasdoneon thebody.

Thespanloadingdistributionisdeterminedby gyaphicalintegration
offairedpressure-distributioncurvesof figures18,19,and20. The

. pressureresultsof thesefiguresarefor c/m~4andfor$Az2. Span
loadingsforanycombinationof c/$aandPA intheserangescanbe
obtainedfromthesepressuredistributions.Thetheoreticalandexperi-
mentalspanloadingdistributionson thebodywereevaluatedbackto
thewingtrailingedge.
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Forpurposesof specifyingthespanloading>tiefollowingequation
.

isused:

I (C3)

‘lss{ac[(:)L + (:)ulm}”

Thespanloadingisthequantityinsidethebracket.
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TABLE1.-OKD?ICEIOCATIONSONWINGANBBODYOFWING-BODYCCMMXM!ION

[DimenaionEinInchesmeammed- wingleadingedge]

yla= 1.020y/a= 1.253 yla = 1.916Y/a= 2.583y/a= j.9169=90° @ = 45°
(1)

0.400 0.400 --- 0.400 --- -0.281 0.468

.775 .775 0.775 .77? --- .219 .968

1.EO 1.150 1.150 1.150 1.150 .719 1.ti8

1.525 1.%5 1.525 1.y5 1.525 1.219 1.968

1.W l.gco low 1.900 1.900 1.719 2.468

2.275 2.275 2.273 2.275 2.275 2.219 2.968

2.650 2.60 2.6~ 2.650 2.65o 2.719 ,

3.219

3.719
—

L= 0.75inches v

2!
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